ABSTRACT In Chlamydomonas, the maternal inheritance of chloroplast genes correlates with the differential methylation of chloroplast DNA (chlDNA) in females (mt+) but not in males (mf). Our previous studies have supported our methylation-restriction model in which the maternal transmission is accounted for by the differential methylation in gametes which protects female but not male chlDNA from degradation during zygote formation. In the mutant me-i [Bolen, P. L., Grant, D. M., Swinton, D., Boynton, J. E. & Gillham, N. W. (1982) Cell 28, 335-343], chlDNA of vegetative cells of both mating types is heavily methylated even before gametogenesis; nonetheless, maternal inheritance occurs in mutants as in wild type. To investigate the mechanism of maternal inheritance in the me-i mutant, we have compared restriction fragment patterns after agarose gel electrophoresis of chlDNAs from mutant vegetative cells and gametes with those from wild type, by using a set of 32 restriction enzymes of which 17 were methylation-sensitive in this system. We find that additional methylation occurs during gametogenesis in the mutant female (mt+) but not in the corresponding male (mt-). Thus, gamete-specific, mating-type-specific methylation occurs in the me-i mutant as in the wild type, consistent with our methylation-restriction model. Methylation-restriction systems in bacteria function to degrade foreign DNA while leaving intact the homologous or heterologous DNA of the host. The molecular mechanism underlying this differential degradation is site-specific methylation of the host DNA at sites which are recognized in the best-studied examples by a corresponding type I endonuclease, leading to cleavage and degradation of foreign DNAs unprotected by prior methylation (reviewed in refs. 1-3).
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Cell 28, 335-343], chlDNA of vegetative cells of both mating types is heavily methylated even before gametogenesis; nonetheless, maternal inheritance occurs in mutants as in wild type. To investigate the mechanism of maternal inheritance in the me-i mutant, we have compared restriction fragment patterns after agarose gel electrophoresis of chlDNAs from mutant vegetative cells and gametes with those from wild type, by using a set of 32 restriction enzymes of which 17 were methylation-sensitive in this system. We find that additional methylation occurs during gametogenesis in the mutant female (mt+) but not in the corresponding male (mt-). Thus, gamete-specific, mating-type-specific methylation occurs in the me-i mutant as in the wild type, consistent with our methylation-restriction model. In the me-i mutant, gametic methylation occurs on a background of vegetative cell methylation not present in wild-type cells and irrelevant to the regulation of chloroplast inheritance. Comparison of the me-i mutation with the mat-i mutation [Sager, R., Grabowy, C. & Sano, H. (1981) CeU 24, [41] [42] [43] [44] [45] [46] [47] provides evidence for the existence of two different chlDNA methylation control systems: mat-i, linked to the mating type locus and regulating the mating-type-specific methylation that correlates with maternal inheritance, and me-i, unlinked to the mating type locus and unrelated to the regulation of maternal inheritance.
Methylation-restriction systems in bacteria function to degrade foreign DNA while leaving intact the homologous or heterologous DNA of the host. The molecular mechanism underlying this differential degradation is site-specific methylation of the host DNA at sites which are recognized in the best-studied examples by a corresponding type I endonuclease, leading to cleavage and degradation of foreign DNAs unprotected by prior methylation (reviewed in refs. 1-3).
About 10 years ago (4, 5) we proposed that the maternal inheritance of chloroplast DNA (chiDNA) in Chiamydomonas and in some higher plants (6) was governed by a methylation-restriction system analogous to that in bacteria. The initial evidence was: (i) loss of chlDNA from male (mt-) parents in zygotes in which the homologous chlDNA of female origin was preserved, shown by means of differential isotopic prelabeling of parental DNAs in reciprocal crosses, and (ii) a density shift in chlDNA isolated from zygotes after disappearance of male chlDNA, consistent with extensive methylation. Over the subsequent years, increasingly definitive evidence in support of this hypothesis has been accruing. This evidence has been recently reviewed (7) and will only be cited briefly here. The first identification of 5-methylcytosine (mC) in chlDNA was achieved by prelabeling with [G-3H]deoxycytidine in reciprocal crosses of labeled x unlabeled parental cells. The presence of mC was detected by HPLC analysis of bases from chlDNA of zygotes only when the female parent had been prelabeled. Methylation was essentially complete within 6 hr after zygote formation, and no bases other than cytosine were methylated (8) . Subsequently, the absence of C-C-G-G methylation in vegetative cells, and its presence in female gametes and zygotes but not in male gametes, was demonstrated by differences in Msp I and Hpa II restriction fragment patterns (9) .
Because C-C-G-G sites represent only a fraction of total methylatable sites, we have developed other methods to provide a more complete analysis of the extent and location of methylation. One such method utilizes antibodies directed against mC. Highly specific rabbit anti-mC antibodies are prepared and used then for quantitation and localization of mC bases in DNA restriction fragments transferred to nitrocellulose paper. The fragments are reacted with the anti-mC antibody and then reacted with "2I-labeled goat anti-rabbit IgG (10) . With this highly sensitive method, no mC was detected in chlDNA from male gametes, whereas in chlDNA from female gametes, we found extensive methylation, as well as evidence of its nonrandom distribution: extent of methylation was not proportional to fragment size (11) .
Furthermore, with this method we were able to determine the mechanism underlying the biparental inheritance of chloroplast genes that occurs in crosses with the mat-i mutant (11) . The mat-i mutation was discovered in a male (mt-) population (12) and is closely linked to the mating type locus: thus, all mat-1 segregants from crosses are mt-, and chloroplast genetic markers are transmitted from both wild-type mt+ and mat-i mt-parents to all progeny. We found that the chlDNA of mat-1 mtU gametes is partially methylated, intermediate in extent between wild-type males and females, as shown both by restriction fragment patterns and by the antibody binding method (10) . Methyl transferase with Mr 200,000, presumed to be the active form of the enzyme because it is found only in wild-type female gametes and in zygotes in which chlDNA is being methylated, is also present in mat-i male gametes (13) .
These results further confirmed the role of methylation in chloroplast heredity, by correlating the extent of methylation occurring during gametogenesis directly with the genetic transmission of chloroplast genes, as well as with the enzymatic activity of a methyl transferase, in wild-type and mat-i mutant cells.
Abbreviations: chIDNA, chloroplast DNA; mC, 5-methylcytosine.
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Recently, a new mutant of Chlamydomonas, me-i, has been described (14) tested and either the enzymes were methylation-resistant, or the sites were totally unmethylated. In addition, the following enzymes, tested in the same way but not listed in Table 1 cific, mating-type-specific additional methylation in the me-i mutant female cells.
Our findings with the me-i mutation reported here provide additional information concerning the methylation events that occur during gametogenesis. We have incorporated the available evidence from chlDNA methylation studies with the wild type, the mat-i mutation, and the me-i mutation into a twoenzyme hypothesis, which may be oversimplified but provides a working model for further research.
According ylation is important in mismatch repair (16) , as well as in protection against foreign DNA (1-3), but no adenine methylation has been detected in chlDNA of Chlamydomonas (8) . The extent of cytosine methylation in bacteria is low and has been associated with the methylation-restriction systems (17) ; no other functions have been described. Thus, the extensive chlDNA methylation occurring in gametogenesis and in young zygotes appears to be a process as yet unreported in other organisms. Definition of its function awaits further research.
